Thermal noise arising from mechanical dissipation in dielectric reflective coatings is expected to critically limit the sensitivity of precision measurement systems such as high-resolution optical spectroscopy, optical frequency standards and future generations of interferometric gravitational wave detectors. We present measurements of the effect of post-deposition heat treatment on the temperature dependence of the mechanical dissipation in ion-beam sputtered tantalum pentoxide between 11 K and 300 K. We find the temperature dependence of the dissipation is strongly dependent on the temperature at which the heat treatment was carried out, and we have identified three dissipation peaks occurring at different heat treatment temperatures. At temperatures below 200 K, the magnitude of the loss was found to increase with higher heat treatment temperatures, indicating that heat treatment is a significant factor in determining the level of coating thermal noise.
Introduction
Several long baseline gravitational wave detectors have been constructed and used in searches for gravitational radiation from astrophysical sources [1, 2, 3, 4] . These detectors use interferometric sensing to search for displacements, induced by gravitational waves, of test masses which are suspended as pendulums at the ends of perpendicular arms up to 4 km in length. The test masses are coated to form mirrors which are highly reflective at 1064 nm. The thermal displacement noise associated with the test mass mirrors is a significant limit to the sensitivity of these detectors [5, 6, 7] . The magnitude of the thermal noise is directly related to the mechanical dissipation of the materials used to construct the mirrors. In particular, the mechanical dissipation of the amorphous dielectric mirror coatings has been identified as an important noise source which is likely to limit the sensitivity of the generation of detectors currently being constructed, such as Advanced LIGO [8] and Advanced Virgo [9] , in their most sensitive frequency band [10, 11, 12, 13] . Coating thermal noise is also expected to significantly limit the performance of highly frequency-stabilized lasers for use in high resolution optical spectroscopy [14] , optical frequency standards [15, 16] and fundamental quantum measurements [17] .
The mirror coatings used in current gravitational wave detectors are formed from alternating layers of silica (SiO 2 ) and tantalum pentoxide (Ta 2 O 5 ) deposited by ionbeam sputtering. Research has shown that the mechanical dissipation of these multilayer coatings is dominated by the dissipation of the Ta 2 O 5 layers [18, 19, 20] and that the total dissipation of a multi-layer coating can be reduced by up to ∼ 40 % by doping the Ta 2 O 5 with titania (TiO 2 ) [21] . However, neither the process responsible for mechanical dissipation in Ta 2 O 5 nor the mechanism by which TiO 2 doping reduces the dissipation is as yet understood.
In a recent paper we reported data showing a low temperature dissipation peak in a Ta 2 O 5 coating doped with TiO 2 and heat treated at 600
• C [22] . There is evidence that this peak arises from a thermally activated dissipation mechanism, possibly related to the reorientation of Ta-O bonds within a double well potential, similar to the mechanism believed to occur in fused silica [23, 24, 25] . Further work has suggested that the effect of the TiO 2 doping is to increase the activation energy of the dissipation process [26] , thereby reducing the mechanical loss of the material. A barrier height distribution function analysis revealed that the effect of TiO 2 doping was to shift the distribution of potential barriers to a higher energy and to broaden the peak in the distribution. Heat treatment is another possible method of altering the distribution of potential barrier heights. Ion-beam sputtered coatings are often heat treated after deposition to reduce the stress in the film and to reduce the optical absorption [27] . Several studies have shown that post-deposition heat treatment of ion-beam sputtered amorphous oxide layers can increase the thickness of the film, with a corresponding reduction in density [27, 28, 29, 30] . Furthermore it is known heat treatment can significantly reduce the mechanical loss of bulk fused silica [31] . This is believed to be a result of a reduction of internal stresses in the silica, possibly altering the distribution of the potential barrier heights [32] . Thus investigating the effects of heat treatment on the mechanical loss of Ta 2 O 5 is of particular interest for understanding, and perhaps reducing, the mechanical dissipation. In addition to providing insights into the mechanisms of energy dissipation in Ta 2 O 5 , measurements of the temperature dependence of the coating dissipation are critical for the design of future gravitational wave detectors such as ET [33] and LCGT [34] which may use cryogenic cooling to reduce thermal noise.
Sample preparation and experimental technique
The Ta 2 O 5 coatings were deposited onto rectangular silicon cantilever substrates. These substrates consist of a 0.5-mm-thick clamping block and a thinner flexing portion of length 34-mm and thickness 50 µm, as shown in Figure 1 . The sample geometry was designed to reduce frictional energy losses into the clamp used to support the cantilever during mechanical loss measurements [35, 36] . A thermal oxide layer of approximately 30 nm thickness was grown on the cantilevers prior to coating to ensure proper adhesion of the Ta 2 O 5 . A Ta 2 O 5 film (0.49 ± 0.1) µm in thickness was deposited on one face of the flexing part of each cantilever by ion-beam sputtering using argon as the sputtering ion. Four fused silica disks, 25.4 mm in diameter, were coated in the same coating run to serve as witness samples for microscopic analysis of the coating structure. A coated cantilever, a nominally identical uncoated cantilever and a coated silica disk were heat treated in air at each of the following temperatures: 300, 400, 600 and 800
• C. The samples were heated to the desired temperature at 2
• C per minute and held at this temperature for 24 hours after which they were allowed to cool naturally. The coating and heat treatment process was carried out by CSIRO †. Ion-beam sputtered Ta have been observed to crystallize when heated to approximately 600 to 700
• C [37] , to the detriment of their optical properties. The highest heat treatment temperature of 800
• C was chosen to allow study of the mechanical loss on either side of this transition region.
The mechanical dissipation factors of several resonant modes of each coated cantilever and the associated uncoated control cantilever were measured between 11 and 300 K in a cryostat using a ring-down technique, in which a resonant mode of the sample of angular frequency ω 0 was excited to an amplitude A 0 and the vibration allowed to decay freely. The time dependence of the amplitude ring-down A(t) is given by:
where φ(ω 0 ) is the mechanical dissipation factor. The cantilever was mounted in a stainless steel clamp within the vacuum chamber of the cryostat and the bending modes excited by an electrostatic actuator located a few mm below the cantilever. The frequency of the n th bending mode can be calculated as follows [38] :
where ρ is the density, Y the Young's modulus, t the thickness and L the length of the cantilever. α n is a numerical factor which takes the values 1.875, 4.694, 7.855 and 10.996 for n = 1 to 4 respectively. For n ≥ 5, α n can be approximated as α n (2n − 1)π/2. The vibration amplitude was measured by means of a laser beam reflected from the cantilever surface and directed onto a photodiode sensor outside the cryostat. The sensor consisted of a rectangular photodiode masked so that a thin triangular strip of the surface was exposed. Vibrations of the cantilever resulted in motion of the reflected laser beam along the triangular sensor, producing a signal proportional to the vibration amplitude. This sensor arrangement was found to be more practical than a quadrant photodiode due to the large amplitude of motion of the laser spot. Several measurement cycles, in each of which the sample temperature was increased incrementally from 11 to 300 K, were carried out. Repeated ring-down measurements at each temperature generally showed a variation in loss factor of less than 5 % for each mode. The variation in the loss factor between the various temperature cycles was typically less than 10%. The temperature of the cantilever was measured using a silicon-diode sensor (Lakeshore DT-670 A) mounted within the clamp immediately below the fixed end of the cantilever. Figure 2 shows, as an example, the loss factors measured for the coated and uncoated cantilevers heat treated at 300
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• C. The increase in loss due to the presence of the Ta 2 O 5 film can be clearly observed throughout the temperature range studied. Of particular note is the peak in the loss of the coated cantilever at approximately 35 K -this will be discussed in more detail in the following section. The dissipation of the uncoated cantilever also exhibits a peak at between 25 to 30 K. A similar peak was observed for all of the uncoated samples studied. Peaks have been observed at similar temperatures in silica films grown on silicon by wet thermal oxidation [39] , and it seems likely therefore that these peaks are due to the thermal oxide layer grown on all of the cantilevers. The mechanical loss of the Ta 2 O 5 film was calculated from the difference in the loss factors of the coated and uncoated cantilevers using the following equation [40] :
where ω 0 is the angular frequency of the mode, φ(ω 0 ) coated is the loss factor of the coated cantilever, φ(ω 0 ) substrate is the loss factor of the cantilever prior to coating, t s and Y s are the thickness and Young's modulus of the substrate respectively and t c and Y c are respectively the thickness and Young's modulus of the coating. The Young's moduli of silicon and Ta 2 O 5 were taken to be 166 GPa [41] and (140 ± 15) GPa [42] respectively. Assuming that the temperature dependence of the Young's modulus of Ta 2 O 5 is typical of other amorphous oxides [43] , then its effect on the calculation over the temperature range studied here is negligible. Figure 3 shows the calculated mechanical dissipation of the Ta 2 O 5 film heat treated at 300
• C, obtained from the data in Figure 2 using Equation 3. The same procedure was followed to find the loss of the coatings which had been heat treated at 400, 600 and 800
• C. Data was obtained at several mode frequencies for each sample, and Figures  4 to 6 show comparisons of the loss of the series of coatings at 1000 Hz, 1900 Hz, 3000 Hz and 350 Hz respectively. The results clearly show that the temperature of the post-deposition heat treatment had a significant effect on the temperature dependence of the mechanical loss factor of the Ta 2 O 5 coatings. There are several notable features in the data. Firstly, a broad peak in the dissipation of the Ta 2 O 5 film heat treated at 300
• C was observed at approximately 35 K. The data for the coated cantilever which was heat treated at 400
• C is incomplete as the cantilever cracked in the clamp during a measurement cycle. The breakage was indicated by a sudden change in the resonant frequencies of the cantilever and an increase in the measured mechanical dissipation factors. However, below 100 K the loss of this coating follows a similar trend to the coating heat treated at 300
• C, with a broad dissipation peak at 35 K. Secondly, a sharper additional peak in the dissipation of the Ta 2 O 5 film heat treated at 600
• C was observed at approximately 20 K. This is in qualitative agreement with previous measurements of Ta 2 O 5 films supplied by LMA † and heat treated at the same temperature [22, 26] . This peak at 20 K is significantly narrower and higher than the peak at 35 K observed in the coatings heat treated at 300 and 400
• C. At temperatures above 40 K, the dissipation of the coating heat treated at 600
• C shows a similar trend in shape to that for the 300 and 400
• C coatings, although the absolute level of dissipation is somewhat higher below 250 K. This suggests that the 35 K peak may also be present in the film heat-treated at 600
• C, partially underlying the tail of the 20 K peak. Thirdly, the Ta 2 O 5 coating treated at 800
• C exhibits a large and very broad dissipation peak at 80 to 90 K. A small plateau in the low temperature edge of this peak is apparent at each measurement frequency, suggesting that the 20 K dissipation peak is also present. At temperatures between 200 and 250 K, this coating has a lower dissipation than those heat treated at lower temperatures, with the minimum dissipation occurring at approximately 225 K. The increase in the dissipation between 225 K and 300 K may be indicative of an additional dissipation peak occurring above room temperature. However, further investigation was beyond the scope of the current study, as the sensitivity with which the loss factor of the coating can be measured is significantly reduced at room temperature and above due to the relatively high dissipation factor of the silicon cantilever substrates at these temperatures. As noted above, ion-beam sputtered Ta 2 O 5 has been observed to crystallize at temperatures between 600 and 700
• C. The structure of the Ta 2 O 5 films was investigated by electron diffraction measurements of the the witness samples which were coated and heat treated at the same time as the cantilevers. The results, shown in Figure 8 , indicate that the coatings heat treated at 600
• C and below are amorphous, while the coating heat treated at 800
• C has a crystalline structure. The difference in structure is also apparent from comparison of transmission electron microscope (TEM) images of the coatings heat treated at 600 and 800
• C, as shown in Figure 9 . It is likely therefore that the large dissipation peak centered on 80 to 90 K is associated with the poly-crystalline structure of the Ta 2 O 5 induced by the heat treatment at 800
• C. One possible dissipation mechanism in poly-crystalline materials is phonon scattering at the grain boundaries [44] .
Analysis
For both the dissipation peak near 20 K and the peak near 35 K, the temperature at which the peak occurred was found to vary with frequency. This behaviour, which can be seen clearly in Figure 10 for the coating heat treated at 600
• C, is a typical characteristic of a thermally activated dissipation process. These processes can be characterized by a rate constant, τ 0 , and an activation energy, E a , which are related by the Arrhenius equation [44] :
where τ is the relaxation time associated with the dissipative system returning to equilibrium after a perturbation. Analysis of these dissipation processes shows that the temperature of the dissipation peak, T peak , at angular frequency ω 0 is related to the activation energy and rate constant as follows [44] :
Thus a plot of log ω 0 against 1/T peak should yield a straight line, from which the activation energy and rate constant for the dissipation process can be obtained. Figure  11 shows this analysis for the peak near 20 K in the coating heat treated at 600
• C. The activation energy and rate constant, calculated from the linear fit, were found to be (35.6 ± 2.5) meV and (9.9 ± 0.5)×10
−13 s respectively. The activation energy is somewhat higher than a previous measurement of (28.6 ± 1.6) meV for Ta 2 O 5 deposited by LMA. The difference in activation energy could arise from differences in the detailed structure of the amorphous coating induced by variations in the ion-beam sputtering deposition process between coating vendors.
The Arrhenius plot for the peak near 35 K observed for the coating heat treated at 300
• C is shown in Figure 12 . A straight line could be fitted to the data for four of the modes studied. However, the point on the Arrhenius plot corresponding to the mode at 3200 Hz clearly does not follow this linear trend. It is possible that a torsional mode close in frequency to the 5 th bending mode was measured unintentionally, which may explain the difference in the loss peak for this mode. If this point is neglected the fit for the remaining modes gives an activation energy of (66 ± 10) meV and a rate constant of (9.4 ± 0.9)×10 −14 s. In many amorphous solids, the dissipation at temperatures above 10 K is thought to result from thermally activated reorientations of bonds over potential barriers of height V [45] . If the dissipation is modelled as arising from transitions in an asymmetric double-well potential in some local configuration coordinate, it can be shown that the measured mechanical loss is related to the distribution of energy barrier heights g(V ) by the following expression [46] :
where
and C ii is the appropriate elastic constant for the mode-shape under consideration, γ is the elastic coupling constant which represents the coupling between the defect (e.g. a bond re-orienting within the double well potential) and the applied strain and f 0 is a constant representing the asymmetry between the depth of the two potential wells in each double-well system. The relaxation time τ associated with a barrier height V is given by Equation 4. The assumptions made in this model are discussed in detail by Topp and Cahill [46] . Thus the measured mechanical loss can be used to extract the distribution of barrier heights (i.e. activation energies) for the loss mechanism associated with a particular dissipation peak. The extracted barrier height distributions for the Ta 2 O 5 heat treated at 300
• C and 600
• C are shown in Figure 13 . At all barrier energies, the magnitude of the function g(V )f 0 is larger for the coating heat treated at 600
• C. An interpretation of this is that there are more barriers contributing to the dissipation in this coating, resulting in a higher mechanical dissipation. The feature in the distribution function at a barrier height energy of 35 meV corresponds to the average activation energy calculated from the Arrhenius plot. This feature appears to be superimposed on a background distribution similar to that found for the coating heat treated at 300
• C.
The shape of the barrier height distribution for the 35 K loss peak in the coating heat treated at 300
• C is broadly similar to the distribution found in bulk fused silica [46] , with g(V )f 0 decreasing smoothly with increasing barrier energy. We postulate that the dissipation mechanisms in Ta 2 O 5 may be similar to that in fused silica and other amorphous solids, and be related to the reorientation of oxygen atoms, or groups of tantalum and oxygen atoms, in a double-well potential. Several models of the dissipation mechanism in fused silica have been proposed, including motion of Si-O bonds between stable angles [47] , elongation of Si-O bonds [25] , rotation of SiO 4 tetrahedral structures [48, 49] or of groups of these structures [50] . If similar processes are responsible for the loss in Ta 2 O 5 , it is possible that the peaks observed at 20 K and 35 K correspond to two different types of motion, one of which is only activated by changes in the local ordering induced by heat treatment at temperatures close the the crystallization temperature. Further detailed studies of the short range structure in Ta 2 O 5 coatings using electron diffraction data and computer modelling are ongoing [51] . Barrier height (meV) Figure 13 . Comparison of the calculated potential barrier height distribution function g(V )f 0 as a function of barrier height for Ta 2 O 5 heat treated at 300
• C, using the data measured at ∼ 1000 Hz.
Conclusions
The temperature dependence of the mechanical dissipation in Ta 2 O 5 films has been found to be strongly dependent on the temperature at which post-deposition heat treatment is carried out. We have identified three dissipation peaks arising from dissipation mechanisms which occur after heat treatment at different temperatures. The previously observed dissipation peak at 20 K has been shown to arise from heat treatment close to the temperature at which the amorphous Ta 2 O 5 crystallizes. The dissipation mechanism responsible for this peak may therefore be related to pre-crystallization changes in the local ordering of the Ta 2 O 5 film. A dissipation peak at approximately 35 K was observed in Ta 2 O 5 films heat-treated at 300 and 400
• C. There is evidence that this peak is also present in Ta 2 O 5 heat treated at 600
• C, underlying the larger dissipation peak at 20 K. We postulate that the two low temperature dissipation peaks may arise from two different types of thermally activated transitions. The Ta 2 O 5 film heat-treated at 800
• C, which was found to have crystallized, had a very broad dissipation peak centered on 90 -100 K.
Below 200 K the dissipation of the Ta 2 O 5 coatings was found to increase at higher heat treatment temperatures, suggesting that minimizing the temperature at which post-deposition heat treatment is carried out may allow a significant decrease in the coating thermal noise in future cryogenic gravitational wave detectors, thus extending their astronomical reach. As heat treatment is also known to affect the optical absorption of dielectric coating, studies of the optical properties of Ta 2 O 5 heat-treated at various temperatures would be of interest.
The dissipation of Ta 2 O 5 coatings at room temperature appears to be related to the broad tail of the dissipation peak at 35 K. However there is some evidence, particularly for the coating heat-treated at 800
• C, of an increase in dissipation close to room temperature. Thus further study of the dissipation in Ta 2 O 5 at temperatures above 300 K would be of significant interest to determine if additional dissipation peaks occurring at temperatures greater than 300 K may contribute to the room temperature dissipation.
Further work is underway to investigate the relationship between the short range structure of Ta 2 O 5 films and the mechanical loss. In addition, it would be of significant interest to study the emergence of the various dissipation peaks in Ta 2 O 5 by studying coatings heat treated at more temperature intervals between 400 and 800
